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LIST OF SYMBOLS

C heat capacity, joules g- CP

I electrical current, amperes

k thermal conductivity, watts cm- l C 1

ke electrical conductivity, ohm cm

L length, cm

Q thermal energy, joules

qx heat flux in the x-direction, watts 
cm 2

R wire radius, cm

Se  heat from electrical dissipation, watts cm-3

T temperature, °K

T initial temperature, °K
0

t time, sec

At increment in time, sec

V electrical potential, volts

x longitudinal coordinate, cm

Ax increment in the longitudinal coordinate, cm

U thermal diffusivity, cm
2 sec-l

p density, g cm
3
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I. INTRODUCTION

In the functioning of microelectronic circuits, it is common for
impulsive conditions to exist--either unplanned or by design. It would be
convenient for the designer to have an approximate idea as to the tolerance
of his circuit for such high electrical stresses that last for very short
periods. An investigation of damage modes for circuits subjected to
extremely short pulses showed that the most prevalent type of damage was a
burnout or melting of the fine gold or aluminum lead wires that are used for
making connections. A photomicrograph of such a failure is shown in
Figure 1.

The burnout of a fine wire is similar to the burnout of a fuse. In the
case of a wire, the information of greatest concern is how long the wire can
tolerate a pulse of a given strength before damage sets in. In the case of
a fuse, the greatest interest is in the time required to open the circuit,
which includes melting time and arcing time. Fuses have been examined by a
number of investigators1 -3 in recent years.
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11. THEORY

The theoretical analysis of a wire subjected to a potentially damaging
pulse, starts with a heat balance on a transverse slice of the wire having
a slice thickness of Ax. A diagram of the model is shown in Figure 2.

Heat Balance on Slice rR'Ax

initial rate in at x final rate in at x average rate in at x

R2q aR2qx + Att x

where qx is the heat flux in the x-direction.

avg rate in at x avg rate out at x + Ax

[R 2qx + 1lat(irR2q )At] -[TRR
2q + (2T  {nR2q + 2 (qR2qx) t} A1x

'R 2)A {nR' 2 x x 2 atX]

+ rate of production = rate of accumulation

+ nR2S Ax 3 .-- [R 2pC (T-T )Ax]e at p o

where S is the rate per unit volume of heat production by electrical dissipation.

e

Totalling the above heat balance:

a (TR2 qx + a- t 2 q)At Ax + R2Sex - (T[R2pCp(T-To)Ax]
ax Mx 2 at Ax e at TRPpIo 0LXj

Dividing by 7TR2Ax and allowing At to approach zero,

9q - + Se pCp- 
. (2)

By Fourier's Law, qx= -k T (3)3lx

And letting, , k (4)
Etp

Equation (2) becmes, ,j ' - 1 97 - e (5)t T
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The following set of boundary/initial conditions applies.

B.C. when x = 0, T = T0 for all t

B.C. when x = L, T = T0 for all t

I.C. when t = 0, T = To for all xo4

The solution to equation (5) is given by Carslaw and Jaeger4

S cvt

T - To  = e {1-4 (-l)m[i2erfcm x +L + i2erfc(m+I)L-x]} (6)
k M=O 22v't

12(7
Letting, Se  = (7)

e

where ke is the electrical conductivity of the wire,

And letting, I = V k (8)
L e

Gives, S V
2 ke  (9)

e L2 e

In the case of L = .1 cm (typical) and t < 250 lisec, for gold and aluminum
wires, the expression inside the braces approaches 1. In such a case, and
with the use of equation (9),equation (6) becomes,

V2O tK
T - TO  e (10)kL2

from which the lifetime t can be calculated for any given voltage and
melting temperature. In those cases where t > 250 psec, the entire equation
(6) must be used.

There is a minimum voltage below which the melting point of the wire
cannot be reached because heat is being conducted out of the wire at the
same rate that it is being generated. In this case, there is no accumulation
term in equation (1) and the heat balance results in

d 2 T S e
dX2 " (11)
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With the boundary conditions:

B.C. when x = 0, T = T
0

B.C. when x = L, T = T
0

The solution is:

S
T - T = (LX-x2) (12)

At the midpoint where the temperature is maximum (x = L) and using equation
(9), equation (12) becomes, 2

V kToT -To = V2 (kl, (3

where the expression inside the parentheses is tne reciprocal of the Lorenz
number. 5 The advantage of using the Lorenz number is that it is only a very
weak function of temperature, varying no more then two percent between O°C
and the melting point in the case of aluminum and gold. Equations (6) and
(10) cannot be made temperature insensitive through the use of the Lorenz
number because cx is a function of temperature. In this case, a value for a
may be used which is that for aluminum or gold at the temperature halfway
between O°C and the melting point.

The amount of energy necessary to raise the wire from ambient temperature
to the melting point is,

Q = P7R 2LC p(T-T ) (14)

Equation (10) or (6) may be substituted into (14) whichever applies. Using
equation (10), equation (14) becomes,

7TR2 V2tk (15)
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11. RESULTS

By means of equations (12) and (13), the temperature profiles of the
wires at the minimum voltage were calculated. These wires were assum-d to
be either aluminum or g Id, 0.1-cm long and .001-inch (.0025 cm) n l 'eter,
welded to an infinite heat sink maintained at OC, at both end' ,rature
profiles were also calculated for the minimum voltage, but for i r ess
than infinite, to show the temperature of all parts of the wire dur ng the
heating process. The curves for the minimum voltage on gol,! wire are
given in Figure 3 and for aluminum wire in Figure 4.

Using equation (16), the temperature profiles of wire' at intermediate
voltages were calculated. These are shown for gold in Figure 5 ,nd for
aluminum in Figure 6. It will be noted that in these two figures there ore
shown a flattening of the profile, especially at the shorter time intervals.
Temperature profiles at high voltages (1 volt for gold wire, .8 volt for
aluminum wire) are given in Figures 7 and 8, respectively. It can be
observed that the profiles are very flat in these cases, showing that a
sizable portion of the central part of the wire reaches the melting point at
the same instant. This can also be observed in Figure 1, which shows a
large gap melted out of the center.

Based on equation (6), the time required to reach the melting point of
the wire (lifetime of the wire) at various voltages is plotted in Figure 9.
The amount of energy necessary to melt a wire is shown in Figure 10. In all
cases, the pulse is presumed to be d step function.
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IV. CONCLUSIONS

A. For a gold wire .001-inch (.0025 cm) in diameter and 0.1-cm long,
subjected to a pulse of zero risetime and zero falltime and a steady voltage
between, the minimum voltage needed to produce damage is .234 volt. This
presumes both ends to be welded to an infinite heat sink at O°C. For an
aluminum wire under identical conditions, the value is .179 volt.

B. If the square pulse is raised to .3 volt, the aluminum wire will
start to melt in .71 millisecond, while the gold wire will reach the melting
point in .87 millisecond. In both cases, only the center point of the wire
reaches the maximum temperature in the allotted time.

C. AL .5 volt and above, both gold and aluminum wires ha the same
lifetimes at the same voltages. At high voltages, the entire 1Lral section
of the wire reaches the melting point simultaneously.

D. At high voltages, a gold wire requires .00069 joules reach the
melting point while aluminum wire requires .00049 joules. Be I volt,
both types of wires require considerably more energy, as show igure 10.



Fi gire I.

Gol1d wi re wi th the cen tral1 sect ion melI ted ifa ~'; i fcat -(n 6'X)

Figure 2. Model of a wire heated by electrical dlisr,,-at aIn
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Figure 9. Time to reach the melting point of .001-inch diameter
gold and aluminum wires .1 cm long
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Figure 10. Energy required to reach the melting point of .001-inch

diameter gold and aluminum wires .1 cm long
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